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PROMETHEE methodsa b s t r a c t
As a fundamental approach to assess active management and decision-making challenges in large state-
owned energy companies (e.g., sustainability, social responsibility, economic growth, and shareholder
value), this paper presents a methodological approach, based on a real case study, for integrating real
options analysis into multicriteria analysis in order to evaluate and holistically rank a portfolio of multi-
ple firms’ projects. While real options analysis adds value to the projects by hedging uncertainty and
valuing flexibility in the decision-making process, multicriteria analysis allows ranking the projects
through an Aggregate Quality function that synthesizes economic and social impacts such as gross
domestic product and employment. The proposed approach divides the decision-making problem into
three main areas that consider aspects related to decision makers’ preferences (behavioral area), data
analysis (analytical area), and projects’ rankings (multicriteria analysis methods) based on the use of
Preference Ranking Organization Methods for Enrichment Evaluations (PROMETHEE). A case example
involving a portfolio of projects in state-owned energy companies discusses the benefits of the proposed
methodology.
 2017 Elsevier Ltd. All rights reserved.1. Introduction
In stated-owned energy companies, legal entities where gov-
ernments partially or totally own the shares with voting rights,
decision makers (shareholders and managers) need to align their
actions and decisions not only to create stable financial and eco-
nomic returns by properly managing companies’ resources (finan-
cial, human, and technological), but also to generate stakeholders’value (employees, local communities, value to society, security,
and so on). These actions and decisions are supported theoretically
by the shareholder theory [1] and stakeholder theory [2], respec-
tively. In this regard, decision makers (DM) pay a lot of attention
to planning and managing macro-engineering projects (e.g., con-
struction of refining plants, roads, petrochemical plants, electric
power plants, bridges, etc.) considering multiple perspectives
simultaneously (financial, economic, and social, just to name a
few).
Corporations’ annual reports show that ranking, selecting, bal-
ancing, and analyzing multiple projects that affect multiple strate-
gic goals, are difficult tasks for managers and DM. Table 1 shows
Table 1
State-Owned Energy Companies: Challenges, Projects, and Perspectives. Source: Authors’ own assessment based on companies’ annual reports.
Company Goals and challenges Main portfolio of projects and perspectives
Saudi Aramco: one of world’s biggest oil
companies (about 9.5 million barrels of oil per
day in 2014)
Ali I. Al-Naimi, Minister of Petroleum & Chairman,
mentions that Saudi Aramco does its best to enable
sustainability, enhancing hydrocarbon discovery,
refining processes, and promoting economic growth
[3]. The firm’s challenges are aligning efficient gener-
ating power to run operations and shifting the business
model to influence ‘‘downstream operations while
remaining focused on financial performance, prof-
itability, and innovation”
 Sustainable development projects of the Kingdom as
another main driver of the Saudi economy
 Develop smart infrastructure (i.e., Jazan airport and a
660-km Jazan-Jiddah coastal railway)
 Provide assistance to build homes in prepared com-
munities (i.e., Dammam, Jubail, and Al-Hasa)
 Enhance the Sadara joint venture with The Dow
Chemical Company, which ‘‘is the first chemical
complex in the countries of the Gulf Cooperation
Council (GCC), employing more than 3500 people
while contributing to an additional 15,000 people
indirectly” [3]
 Pursue new shared strategies in advanced materials,
water management, energy efficiency, renewable
energy, and advanced computing
 Investments in super manufacturing hubs and con-
version parks connected to chemicals plants target-
ing high-value and high-growth markets
Rosneft: one of Russia’s largest and
fullyintegrated oil and gas corporations
(around 4 million barrels of oil per day in
2014)
Andrey Belousov, Chairman, states that the ‘‘company’s
management has followed a balanced approach in its
investment, operating, financial and social policy” [4].
The firm’s strategies are focused on new energy
potential and security, and sustainability of natural
resources.
 International portfolio of projects in different coun-
tries; for example, Venezuela, Canada, USA, Brazil,
Norway, Germany, Italy, Algeria, Egypt, Mozam-
bique, China, India, and UAE, among others
 High-priority projects involving both seismic and
exploration drilling, and long-term gas supply agree-
ments including offshore oil and gas development.
For Rosneft, gas production contributes mostly to
shareholder value
 Acquisition of new assets and employees hired from
third-party service contractors enhance employment
opportunities reaching 261,500 employees in 2015
 The MBTE plant facilitates further growth of envi-
ronmentally clean fuels in 2016. Therefore, Rosneft
has strong protection policies for endangered animal
species of the Arctic zone related to subsoil projects
China National Petroleum Corporation (CNPC):
highly diversified company with worldwide
operations (close to 3.3 million barrels of oil
per day in 2014)
Wang Yilin, CNPC’s Chairman, states that sustainable
development is inseparable from society. So, ‘‘creating
shared value with all our stakeholders while meeting
the demands of society and addressing common
challenges based on the development concept of
innovation, harmony, environmental-friendliness,
openness and mutual benefit” [5]
 In China, CNPC launched 21 R&D and technological
‘‘projects to support 14 counties (districts) in 8 pro-
vinces (municipalities and autonomous regions)”,
and established the national energy R&D center for
heavy oil development
 Promotion of natural gas utilization and alternative
fuels such as gas-fired power generation, city gas,
shipping, public transportation, etc. In addition,
there are coal-to-gas projects in Beijing, Hebei, and
Xinjian to improve the environmental quality in
winter
 Effective alignment of economical and intensive land
use ‘‘during the preparation period for oil and gas
exploration and development, pipeline construction,
and refining and chemical projects” [5]
 Company follows meticulous employment protec-
tion activities to assure the best conditions for
approximately 1,518,200 employees
British Petroleum (BP): multinational company
producing nearly 2.1 million barrels of oil per
day in 2012
To earn the support of society according to Bob Dudley,
acting Chief Executive, BP needs to be a responsible
operator acknowledging environmental issues,
economic impacts, and relationships with
communities, suppliers, customers, partners and
governments [6]
 BP’s projects and activities contribute to nearly
‘‘300,000 jobs in its supply chain in the US and UK
alone—around 10 times the number directly
employed” (around 80,000 across the globe)
 Important partnerships to develop Canada’s oil
sands responsibly, especially the three oil sands
lease areas—Sunrise, Pike and Terre de Grace—all of
which are located in Alberta
 Relevant portfolio of high return and longer-life
upstream assets, while building high-quality down-
stream businesses with premium products and
advanced technologies (55% of the upstream portfo-
lio is natural gas)
 BP’s Khazzan project in Oman expects to deliver
‘‘around 1.5 billion cubic feet of gas per day – equal
to about 40% of Oman’s total daily domestic gas
supply” [6]
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owned energy companies, for example, Saudi Aramco in Saudi
Arabia [3], Rosneft in Russia [4], China National PetroleumCorporation [5], British Petroleum in the United Kingdom [6], to
name some. Note that economic views, employment, financial
performance, and environment are common challenges and
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and strategic planning.
The information displayed allows us to describe some decision-
making perspectives. From the project management (PM) point of
view (i.e., the process of prioritizing, selecting, and executing a set
of projects within a portfolio), DM rely on technical and financial
studies to handle projects in an efficient manner [7,8]. The classical
approach consists of ranking and selecting investment projects by
focusing on quantitative indicators such as net present value
(NPV), internal rate of return (IRR), and payback period (PB) [9],
or on composite indicators such as cost-benefit ratios, cost-
savings, and cost-effectiveness [10–12]. Choosing either quantita-
tive or composite indicators represents a conventional method in
the decision-making process [9].
Nevertheless, there are many complexities in PM—mostly asso-
ciated with uncertainty and managerial flexibility, such as rapidly
changing environments, unforeseen business conditions, changing
DM preferences, diverse corporate valuations, and other factors—
that depend mainly on future expectations that make it difficult
to model projects using traditional approaches [13–17].
In order to jointly manage uncertainty (changes that may occur
in the environment) and flexibility (DM’s ability to dynamically
modify an investment project), real options (RO) analysis provides
effective approaches under uncertainty [18,16]. For instance, in
petroleum engineering, handling uncertainty and flexibility pro-
vides valuable information regarding which projects could run in
parallel. In this case, it is important to observe the effects of sharing
costs between projects and to measure the expansions of invest-
ments due to oil price changes, among other factors [18,16,19].
Therefore, all these elements are present within other industries.
For example, manufacturing [14]; electricity generation [20,21];
research and development [22–24]; information technology [25–
27]; gas and electricity market prices [28]; and renewable energy
[29–31].
In addition to uncertainty and flexibility, another complexity
appears when DM need to introduce potentially conflicting deci-
sion criteria (quantitative or qualitative, monetary and nonmone-
tary) into PM such as legal (taxes, compliance, social
responsibility, etc.), environmental (level of pollution, noise,
watershed issues, etc.), economic (level of economic growth,
national income, inflation, unemployment, etc.), and social (num-
ber of employees, value to society, safety and security, community
development), among others. Furthermore, those criteria might
have different relative importance (RI) or weights. For example,
in BP [6] the statements that business ‘‘has to earn and maintain
the support of society” and ‘‘has to take action to help safeguard
the environment for future generations” may indicate that some
DM would prefer profitability over social responsibility, or vice
versa. Hence, it is important to consider those differences in the
decision-making process.
To address this concern, multicriteria analysis (MCA) has
become a powerful mechanism to handle multidimensional prob-
lems and to obtain an Aggregate Quality (AQ) supporting the final
decision [32,33]. MCA refers to a set of methods, techniques, and
tools that help people with their decision problems (description,
clustering, ranking, and selection) by simultaneously considering
more than one objective or criterion [34–37].
In particular, this paper proposes the Preference Ranking Orga-
nization Method for Enrichment Evaluations (PROMETHEE) [38–
41] as a proper MCA technique. PROMETHEE methods are based
on outranking the relationship S. This concept does not determine
if the relationship among two alternatives a and b is a strong pref-
erence (a P b), weak preference (a Q b), or indifference (a I b), but
instead it establishes if ‘‘the alternative a is at least as good as
the alternative b00 [39].PROMETHEE methods are suitable because of their theoretical
and practical advantages. For instance, they can associate to each
project an AQ index that maximizes the available information in
terms of DM preferences over the criteria selected, as well as the
preferences’ intensities among alternatives and the nature of each
criteria [32]. PROMETHEE methods have been applied in many
energy related studies; for example, sustainable energy planning
[42,43]; renewable energy alternatives [44]; heating system
options [35]; and oil and gas pipeline planning [41]; among other
applications [40].
Other methods could also be allowed to handle this multicrite-
ria approach, for example, the ELECTRE methods [32], AHP—Ana-
lytical Hierarchy Process [45,46], MACBETH [47,48], TOPSIS
[36,49], to name some. However, these other methods do not
clearly state the advantages aforementioned, and the AQ is difficult
to interpret.
Although some studies have tried to integrate RO into MCA
[43,50–54], there is a little evidence of an integrated RO-MCA
methodology for ranking a portfolio of projects in state-owned
energy companies, characterized also by pursuing nonfinancial
objectives.
We claim that while RO value and assess flexibility and uncer-
tainty for PM, MCA allows considering additional criteria such as
gross domestic product (GDP) and employment in their strategic
plans criteria in order to obtain an AQ for selecting the best
projects.
The rest of the paper is organized as follows: Sections 2 and 3
review the RO analysis andMCA approaches, respectively. Section 4
presents the methodology for integrating RO into MCA and, in par-
ticular, using the PROMETHEEmethods. Section 5 presents the case
study and its data analysis. Section 6 shows the results of the pro-
posed approach and discussions, and sensitivity and uncertainty
analysis. Finally, Section 7 highlights some key conclusions and
recommendations.2. Real options analysis
2.1. The basics of real options
Real options implies the use of options theory to evaluate real
or physical assets (i.e., projects) as opposed to financial options
(FO), which evaluates derivative products based on underlying
assets such as stocks, bonds, and other financial vehicles. However,
sometimes RO valuations are difficult to implement because of the
lack of information about market prices [17]. In spite of that diffi-
culty, RO has been widely used in business because it allows DM to
manage their corporate investment projects and portfolios with
addedmanagerial decision flexibility in the presence of high uncer-
tainty [55,56].
Both RO and FO are based on the same underlying valuation
methods [55,17] and represent a right but not an obligation to pur-
chase, sell, execute, implement, or otherwise dispose of a particular
asset, investment, or strategy at a particular time. In FO, the under-
lying asset is typically a financial asset [57], whereas in RO, the
underlying asset is an investment project or strategy [17], and
the right is reflected in the choices and courses of action available
to DM over the life of a project. For instance, decisions on whether
to defer, abandon, reduce, or expand are among some of the most
common RO actions and can be defined on the same underlying
asset. The classical options are calls (options to buy) and puts
(options to sell), and they can be categorized according to their
maturity (expiration time) as European and American. For further
classifications—Bermudans, Exotics, and so forth—see in Li and
Knights [13], Hull [57], and Mun [17] for additional details.
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special attention, particularly for DM in state-owned energy
companies:
1. In FO, the exercise price is the amount to be paid for acquir-
ing a stock (underlying asset), or to be received on an asset
sale [57]. In RO, the exercise price is the amount to be dis-
bursed/received for carrying out a project or investment
(e.g., either the gain on the sale or abandonment of an invest-
ment project, or the implementation cost to exercise a project
or strategy).
2. In FO, maturity is a period for which the right to buy or sell an
asset is effective. In RO, maturity is a period during which a
company can make certain decisions [17]. This means that flex-
ibility in an investment may not always be present, and it
remains for only a specific time period. For example, a post-
ponement option to invest in a new project is not on the table
for an unlimited time, mainly because the capabilities of other
companies to enter into the market can produce losses for the
companies that have this option.
2.2. Uncertainty and flexibility
Uncertainty is defined as the unknown, ignorance, or inaccuracy
about the true future behavior and outcomes of the input variables
affecting projects valuations, for instance, exchange rates, interest
rates, volatility in prices, competition, economic conditions,
research and development outcomes, and market conditions, as
well as a slew of other determinants of cash flows and revenues.
In addition, the need for flexibility arises when there is high
uncertainty around project valuations and DM need to assess dif-
ferent actions (e.g., expansion vs. contraction). Nembhard and
Aktan [14] explain that flexibility allows identifying other possible
ways for project implementations and assessing the viability and
feasibility of new routes for future options and opportunities.
The practical expression of flexibility can be seen in some firms’
annual reports. For example, Rosneft [4] emphasizes that the port-
folio management system should ‘‘allow prompt delivery of differ-
ent scenarios for investment portfolio performance on the basis of
the set criteria rating, which provides investment flexibility to
external changes,” and BP [6] mentions that ‘‘a balanced portfolio
with flexibility and a dynamic investment strategy give to the com-
pany the resilience to meet today’s challenges as well as setting us
up for the future.”
RO can convert upside uncertainty and managerial flexibility
into opportunities in order to minimize economic losses or to max-
imize benefits. As mentioned, RO is a right, but not an obligation, to
introduce a contingency plan into a project within a specific time
period [13]. Therefore, while discounted cash flow (DCF) models,
NPV, PB, and IRR presume that time and risks are constant in pro-
ject evaluation (passive management), RO assumes that time is
flexible and DM can actively manage projects and navigate in the
associated risks as they become known over the passage of time
and the occurrence of new actions and events. As a result, RO
derives a higher valuation than traditional NPV or DCF approaches
[58,13,17].
Finally, the value generated by RO increases the value of an
investment project, and the expanded NPV (ENPV) reflects both
components [17], the traditional NPV (over the expected cash
flows) and the strategic option value, which embeds uncertainty
and flexibility associated with the investment.
Expanded NPV ¼ Static NPV þ Value of Real Options ð1Þ
ENPV ¼ NPV þ VRO ð2ÞEq. (2) represents the overall strategic value, which is the sum
of the traditional NPV (passive management) and RO value. The
second term takes into account managerial flexibility (i.e., capabil-
ity to execute a strategic option but not the obligation to do so) and
uncertainty management (i.e., capability to hedge downside risks
or take advantage of upside uncertainties).
In this scenario, we argue that RO is a partial analysis although a
highly valuable view for an active management, but still partial
because it does consider other variables (i.e., social, economic,
environment, etc.) directly in its formulation.
2.3. Formulation of real options analysis
To implement RO, analysts and DM need to understand their
portfolio (i.e., type of projects and associated businesses and mar-
kets), risk profiles, level of decision-making flexibility, sources of
uncertainty, and technical issues [26]. In addition, they need to be
aware that there are severalmethods for ROvaluations. For instance,
there are closed-form methods and open-form methods [57,17]:
 Closed-form methods (e.g., the Black-Scholes-Merton model
and its hundreds of associated model derivations, analytical
methods, partial-differential models, etc.) are highly suitable
for a specific type of options (European, which can only be exer-
cised at maturity and not before, whereas American-type option
valuations are only based on approximation models).
 Open-form methods, including lattice approaches (binomial,
trinomial, quadranomial, pentanomial lattices, etc.), provide a
straightforward way to analyze and value a more general type
of options, specifically American, Bermudan, and European-
type options ranging from plain vanilla and exotic options to
specialized/customized options and RO [57,17]. Open-form
methods may also include simulation models to approximate
option values.
2.4. General representation
The input assumptions on which RO relies are key to imple-
menting both closed-form methods and open-form methods.
Understanding them for a particular project allows DM to create
more options in the future [17]. These inputs include maturity, lat-
tice steps, blackout or vesting periods, implementation costs (exer-
cise price), discounted cash flows (price of the underlying asset),
variability of the underlying asset (volatility), interest rate at which
funds can be deposited/borrowed without risk (risk-free rate), and
inflows or outflows as a percentage of the underlying asset on a per
year basis (dividends).
In specific RO models, other parameters associated with con-
tractions, expansions, barriers, and salvage values are also
required. For example, DM can make short sales of assets without
penalties, and there are neither arbitrage opportunities (obtaining
immediate profits without risk and without spending any money)
nor transaction costs or taxes that affect operations [58,57,17].
Nevertheless, these simplifications can change in more complex
models and project valuations.
Utilizing a binomial lattice does not mean that the underlying
asset value (V) takes two values; it means that the maturity (T) is
divided into n periods in the lattice [17], with the same length
(Dt = T/n) in between each step, and where n is the number of steps
in a binomial lattice model. For example, if we have an option to
invest in a project with a maturity of T = 1 year, and DM can evalu-
ate whether to make the decision at the end of each quarter (then 4
lattice steps can be used as a simplifying illustration), then the
length of each step is Dt = 1/4 (Fig. 1). The asset value (V) behaves
as a binary random-walk process, and it is affected by two move-
ments: up (uV) with a risk-neutral probability of q, and down (dV)
Fig. 1. General representation of a binomial lattice (4 steps in a 1-year period).
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and d < 1 + rf < u, where rf is the risk-free interest rate. In addition,
the risk-neutral probability considers the length of each step of the
model as follows (in discrete or continuous time), where b repre-
sents dividends (in percentage terms) associated with a project:
q ¼ ðð1þ rf  bÞDt  dÞ=ðu dÞ ¼ ðeðrfbÞðDtÞ  dÞ=ðu dÞ ð3Þ
Therefore, to estimate RO values, it is important to start from
the end of the tree (using a process called backward induction)
where we compute the payoffs of the terminal values first. For
example, for an option to invest (call option) on V, which matures
in T and has an exercise price of I, the payoffs are:
Cu4 ¼ max½0;u4V  I
Cu3d ¼ max½0;u3dV  I
Cd2u2 ¼ max½0;d2u2V  I
Cd3u ¼ max½0;d3uV  I
Cd4 ¼ max½0; d4V  I
ð4Þ
Later, for each node before the terminal values, the maximum
value between the payoffs and the expected value of the underly-
ing asset discounted by the risk-free rate must be evaluated. It pro-
vides information about exercising the real option or keeping the
option open. For instance, the value of an option to invest in the first
node is computed as follows:
VRO ¼ max½0;V  I; ðCu qþ Cd ð1 qÞÞ=ð1þ rf ÞDt ð5Þ
If this process for computing an option value is repeated for
multiple periods, the underlying price V can be modeled using a
binomial lattice for multiple steps of up and down outcomes. For
more details, examples, and computations see Alleman and Noam
[58], Hull [57], and Mun [17]. From a practical point of view, the
binomial models are widely used in IT, finance, and R&D, and espe-
cially in energy projects because they are easily explained to and
accepted by DM [18,17].
3. Multicriteria analysis
3.1. Introduction
Multicriteria analysis (MCA) combines several models and
methods to help DM to describe, evaluate, rank, select, or catego-
rize a set of alternatives based on their preferences over a family
of criteria [59,34,32]. For the purposes of this current research,
MCA helps DM to embrace the following decision-making prob-
lems [34]: Problem of Ranking (Pc) that seeks an AQ index to obtain
a global hierarchy for the energy projects analyzed, and Problem of
Selection (Pa) that is applied to the choice of the best projects in
order to allocate limited resources.In addition, MCA considers different methods to obtain an AQ
and a global ranking based on multiple criteria [32], and, therefore,
their outcomes can be represented using graph theory. For exam-
ple, Fig. 2 illustrates this approach using outranking methods
[39] where a set of nodes represents projects (a, b, c, d) and the arcs
represent binary relationships between them: Indifference (I),Weak
Preference (Q), Strong Preference (P), and Incomparability (R). The
last one occurs when there are no clear reasons to justify any of
the three preceding binary relationships, in contrast to, for exam-
ple, the Utility Theory approach that places this relationship as
indifference [60,61].
Among the outranking relationships methods, such as ELECTRE,
the PROMETHEE methods constitute a recent development in the
area of operational research [39,32,62]. They incorporate concepts
and parameters that have a physical or economic interpretation
easily understood by DM. Furthermore, PROMETHEE methods
overcome ranking problems, not only by achieving a global hierar-
chy but also, if necessary, by weighting the DM’s preferences on
the criteria selected.
The methodology proposed in this paper, as will be seen in Sec-
tion 4, is based on the MCA foundations. It combines information
from RO analysis and from other relevant criteria using the PRO-
METHEE methods for ranking and selecting purposes. This
approach helps DM in their active management strategies, hedging
their risks, quantifying their flexibility, and introducing other rele-
vant aspects (economic, social, and so forth). The case study is a
portfolio of projects embedded into state-owned energy
companies.3.2. PROMETHEE methods
For the purposes of expediency, we use the following notations
for the alternatives and criteria. Let A ¼ fa1; a2; . . . ; amg be a set of
m projects, and G ¼ fg1; g2; . . . ; gng be the set of n criteria defined
by DM. Each ai 2 A is a set of n values that represents the evalua-
tion of each criterion for the alternative ai. In general, each crite-
rion is looked at as a defined mathematical function (e.g.,
employment levels). Therefore, we further define gjðaiÞ as the eval-
uation of project i under criterion gj.
The normalized impacts of the projects ai (i = 1,2,. . .,m) evalu-
ated on gj (j = 1,2,. . .,n), explore any predefined target a (i.e., max-
imum, ideal, or goal value) on the j-criterion selected gjðaÞ. Then,
for each criterion gj, the maximum and minimum impacts of all of
projects ai are evaluated in order to use the complete data range
under analysis ½minfgjðaiÞg;maxfgjðaiÞg. The N ji , or normalized
value of each i-project for each j-criterion adjusted according to
the LP metrics or norms (Eq. (6)) is obtained:
N ji ¼ ½gjðaÞ  gjðaÞ=½maxfgjðaiÞg minfgjðaiÞg ð6Þ
Based on this equation, the closest projects to the target goals
are preferred to those farther away, which is a rational expression
of human behavior [59].
Under the PROMETHEE methods proposed by Brans and Mares-
chal [39], an AQ function of a project is defined as
gðaiÞ ¼ Z½g1ðaiÞ; g2ðaiÞ; . . . ; gnðaiÞ, where Z is an aggregation func-
tion that determines if project ai is better than aj.
This aggregation function must consider the impact of the pro-
jects already standardized by criteria according to Eq. (7) as
follows:
gðaiÞ ¼ Z½N1ðaiÞ;N2ðaiÞ; . . . ;NnðaiÞ ð7Þ
According to De Keyser and Peeters [63] as well as Brans and
Mareschal [39], there are two approaches to get a final AQ and
its respective ranking: the PROMETHEE I method, producing a
Fig. 2. Graphic of the estimated hierarchy. Source: Based on Brans and Mareschal
[39].
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preorder.
3.3. Ranking procedures
Both methods allow ranking the projects as follows:
1. Perform all pair-wise comparisons among the projects a; b 2 A
based on the performance difference djða; bÞ for a particular cri-
terion. This difference represents the preference intensity of the
calculated deviation. This means that, for each criterion gj, the
decision maker has a preference function shown as Eq. (8):
Pjða; bÞ ¼ GCjðdjða; bÞÞ 8a; b 2 A ðforj ¼ 1;2; . . . ;nÞ ð8Þ
0 6 Pjða; bÞ 6 1 ð9Þ
where
djða; bÞ ¼ gjðaÞ  gjðbÞ ð10Þ
and GCjðÞ is one of the generalized criterion (GC) functions defined
in Brans and Mareschal [39].
For minimizations, preference function (9) can be obtained by
symmetry:
Pjða; bÞ ¼ GCj½djða; bÞ ð11Þ
2. Determine if the difference between two projects can generate
enough reasons to establish an order. For this reason, a ‘‘gener-
alized criterion (GC)” should be selected over the pair
fgj; Pjða; bÞg fgj;Pjða;bÞg associated with the gj criterion. For
example, if there is any difference between two projects based
on the criteria selected, no matter how small it is, it will gener-
ate enough reasons to establish an order between them, so the
GC is type I (strict or usual criterion) FðxÞ ¼ 0 x 6 01 x > 0
  
that requires no additional parameter definition). Brans and
Mareschal [39] have proposed six types of generalized criteria
and some require more information from the working group
and the projects.
3. Compute and adjust the degree of preference by DM’s relative
importance to obtain an Aggregated Preference Index (API)
linked to each project a with the others, and vice versa, based
on the paired comparisons and the GC used. This is a sort of
credit in favor of a and debit against a. These averages are








4. Implement PROMETHEE I for computing the outranking flows
(positive and negative) for the projects. It produces a partial
preorder over the set of projects A. Each project a is compared
with the remaining (n  1) of the set A, and for each (a,b) pair,
pða; bÞ is obtained, which is its API.
The positive outranking flow is denoted by UþðaÞ and is defined
as:





It represents the total weighted credits favoring a in relation to
the rest of projects evaluated.
The negative outranking flow is denoted by UðaÞ and is defined
as:





This represents the total weighted debits attributed to a by the
effect of the remaining projects.
5. Obtain an AQ and, consequently, a global hierarchy. The PRO-
METHEE II method allows analyzing a partial preorder obtained
from UþðaÞ and a partial preorder derived from UðaÞ so that a
preorder total (without incomparability) can be achieved. Oper-
ationally, a global hierarchy is obtained from the total net flows
of each project, which is the balance between the credits and
debits (see Eq. (16)).
UðaÞ ¼ UþðaÞ UðaÞ ð16Þ
The notation used for the relative importance or weights of
importance is:
Let RI ¼ fRI1;RI2 . . .RIng be a set of importance values or DM
preferences over the selected criteria where
Pn
j¼1RIn ¼ 1; RIn P 0:
The AQ is defined in terms of the net average of preferences,
which is the difference between the favorable preferences and
the unfavorable preferences. Substituting the negative and positive







½GCjðPjða;xÞÞGCjðPjðx;aÞÞRIj ð17Þ4. Methodology to integrate RO into MCA
To integrate RO into MCA for a decision-making process that
enhances a broader PM, three areas should be considered: behav-
ioral, analytical, and MCA methods.
4.1. Behavioral area
The behavioral area deals with DM, who are, to say the very
least, only human, and because, as Cavallaro [43] argues, MCA does
not replace them, it only aims to assist DM in their decision-
making process by providing valuable and insightful information
to help DM justify and lead their actions or decisions. Thus, the
behavioral area examines the aspects presented in the following
three sub-sections.
E.A. Hernandez-Perdomo et al. / Applied Energy 195 (2017) 487–502 4934.1.1. Establish the working group
The working group is established by identifying the DM (i.e.,
pertinent shareholders, managers, and stakeholders) and their rel-
evant experiences, knowledge, and relationships with the state-
owned energy company. According to HBP [64], a working group
consists of people interacting under different perspectives capable
of generating new and important ideas.1 In particular, the working
group considers those who are interested in ranking and selecting
projects, including subject matter experts in RO and MCA.
The working group could include diverse participants in state-
owned energy companies: the Board of Directors in charge of the
strategic planning, government representatives, relevant stock-
holder and minority shareholders who have voting rights on busi-
ness issues, and executive members of a company, among others
who could be interested in project dealings and investments. The
total number of members to be included depends on the company
selected.4.1.2. Select the criteria and hierarchical structure
Selecting the criteria and hierarchical structure dictates the
conditions for project evaluation, and sets the main objectives of
the decision-making system [66,67,46]. The working group should
also consider potential problems such as the lack of redundancy
and completeness of the team’s knowledge, as well as the team’s
ability to comprehend the goals and criteria [32].
Fig. 3 shows the hierarchical structure proposed for RO and
MCA integration: the focal goal, the main criteria selected, and a
set of projects to be analyzed. Three main criteria are selected to
illustrate the approach: Strategic RO (g1), GDP (g2), and Employment
(g3). However, if DM want to introduce additional criteria, the pro-
posed methodology is extensible and allows their incorporation.
Strategic RO (g1) considers two sub-criteria: the NPV to charac-
terize a traditional project management and the Return-to-Risk
ratio to deal with uncertainty and flexibility throughout RO valua-
tions. This ratio (Eq. (6)) is obtained from Eq. (2) and the volatility
of the underlying asset as follows:
Return to Risk ¼ ½ðVRO=ENPVÞ  100=Volatility of V in % ð18Þ
This could be interpreted as how much value an active DM adds
to a project by each unit of volatility (derived from its underlying
asset). It especially helps to measure uncertainty and flexibility
using RO.
GDP (g2) and Employment (g3) are the economic and social crite-
ria, respectively. GDP is the economic impact in monetary units of
an investment project. In fact, it represents how much additional
value in terms of goods and services a project can disperse into
an economy. For example, we model the GDP impact including
direct and indirect multiplier effects from an Input-Output (I-O)
model2 [70–72]. For further details about its construction and mod-1 The definition of the working group is, in general, an ad hoc task. For example, it
depends on the company, the laws of the country, if projects are financed, and other
factors. It is very difficult to estimate how many persons should define the working
group. However, HBP [64] recommends having small groups (preferably between five
and seven). Saaty [65] and Zeleny [59], on large numbers of participants, recommend
grouping them by expertise, and diversity, among other aspects, and aggregating the
individual group’s preferences by using weighted-average methods.
2 Generally, central banks and national statistics offices produce Input-Output (I-O)
tables. I-O Tables report information about interdependencies among different
industries of a national economy. Using this information, economists can compute a
coefficient matrix (A = faijg), which means how many resources an industry i (e.g., gas
production) requires form an industry j (e.g., manufacturing, agriculture, services, and
so forth) to produce one unit of its product, including the final demand (d). Using the
Leontief approach [68], for each proposed project, a vector d is identified and based on
the Leontief matrix (I  A)1, it is possible to determine the impact on GDP and
employment (vector x) as follows: x = (I  A)1d. Therefore, Social Accounting
Matrices (SAM) can also be used to determine projects’ impact on income, spending
patterns, explicit flows of moneys, and other aspects [69].eling approach, see Dietzenbacher et al. [73] and Miller and Blair
[68].
Employment is the number of employees and workers a project
hires (or number of individuals that leave unemployment) when it
is implemented. As suggested by Kammen [74], employment
impacts could be quantified using two different approaches: I-O
models of the economy or simple spreadsheet-based analytical
models. The first approach models the national economy as the
interaction of goods and services among different sectors and
quantifies the employment losses in one sector created by the
growth of another sector (e.g., between the solar energy industry
and the oil industry). I-O based models calculate ‘‘direct employ-
ment but also account for indirect jobs that are induced through
multiplier effects of the industry under consideration” [74,68].
Other approaches for analytical models are based on average
employment created in a manufacturing sector. As mentioned in
Wei et al. [75]: ‘‘This averaging technique has the advantage of
providing a simple metric for comparing employment for different
technologies.” For example, in the study of the EWEA [76], the
authors conclude that ‘‘wind energy creates 10 jobs (man years)
per MW of annual installation, . . . O&M work contributes an addi-
tional 0.4 jobs/MW of total installed capacity.” The reader inter-
ested could refer to Wei et al. [75] for a detailed analysis of the
employment assessment.4.1.3. Quantify the relative importance of the selected criteria
The quantification of the relative importance of the selected cri-
teria, or weighting, is the third and final element to be considered
in the behavioral area. This aims to quantify DM preferences, espe-
cially when they tend to give more importance to some criteria
over others. For example, in CNPC [5] DM ‘‘gave priority to projects
with great contribution to local economy and society.” However,
for this research DM might be more interested in those projects
with higher Return-to-Risk and, consequently, a higher strategic
RO, versus those projects with a higher impact on GDP. In this case,
DM are more profit oriented. For that reason, this study deals with
the assessment of DM preferences, among other elements pro-
posed by Bouyssou et al. [32] such as trade-off schemes, compen-
sation among criteria, and coherent family of criteria.
In general, DM or analysts can use some MCA weighting meth-
ods, such as the MACBETH method [77] or the Analytical Hierarchy
Process [65], which are recognized methods not only for quantify-
ing DM preferences, but also for evaluating their consistency dur-
ing the quantification process. In addition, DM should explain the
reasons for their weights and suggest the method to be used for
such quantifications. In many instances, the set of weights could
be defined as intervals. In this case, sensitivity and robustness
analysis must be performed (see Section 6.3).4.2. Analytical area
The analytical area consists of three important phases:
1. Analysis. This phase includes analyzing the projects based on
the criteria selected. Doing so helps to introduce some descrip-
tive statistics, information about similar projects, independen-
cies, correlations, and other relevant assumptions and
observations.
2. Conflict Identification. In this phase, conflicting elements among
criteria and their relative importance are identified [39] as are
any dominant relationships [32].
3. Data Normalization. Normalization procedures are important for
managing problems of scale and data types (quantitative vs.
qualitative or monetary vs. nonmonetary units) and for data
adjustments according to some benchmarks [78,79].
Fig. 3. General hierarchical structure of RO and MCA integration.
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Finally, the MCA methods area determines the AQ of each pro-
ject and its global ranking by using the PROMETHEE methods, as
described in Section 3. The computed AQ is a global project qual-
ity that embeds passive management (profitability approach) and
a broader view of active management (e.g., both RO valuations
and economic and employment outlooks), and provides a mea-
sure of the overall quality of each project. The MCA methods
allow for producing a total preorder and eliminating whatever
incomparability that could appear. Furthermore, this full view of
active management deals with flexibility, uncertainty, and other
relevant criteria in order to justify the decision-making process
in terms of PM.
The three-step sequential approach presented allows the study
of relevant PM perspectives that satisfy both passive and active
DM who want their companies to have a strong performance
not only for their shareholders, but also for the local and national
economy where they are located. It is important to realize that
the proposed approach allows the DM to add any new criteria.
In this case, the proposed approach must be restarted from the
behavioral area.5. Case study and data analysis
The case study analyzed is based on real situations in portfolio
management faced by PDVSA (National Petroleum Company of
Venezuela), the most important state-owned oil and gas company
in Venezuela having the world’s largest proven reserves of oil
(around 298 billion barrels as of 2014). Some projects’ perspectives
and justifications (oil, gas, electricity, petrochemical, infrastruc-
ture, etc.) are obtained from publicly available sources [80–83],
interviews with experts, data gathered [71], and others perspec-
tives in state-owned energy companies for Latin America [84].
To illustrate the proposed approach, the following assumptions
are considered:
(a) The working group panel is mainly composed of the authors
of this research.(b) The RO analysis and related computations are simplified by
considering only traditional real options (deferred, abandon-
ment, expansion, chooser, investment, and contraction,
among others).
This section presents the project information for the case study,
the RO analysis, and the multicriteria impacts of the projects.
5.1. Project information
Table 2 lists the set of 20 projects to be considered in the case
study. For example, Project 5 shows its ID (Pro5); its project name
(LGN Company Contraction); description (for this project, DMwant
to sell an unprofitable business using asset divestitures); and the
RO under analysis (a Contraction Option evaluated at the end of
each semiannual decision period). In addition, Table 3 illustrates
the time horizon and time constraints for each project listed. For
instance, Project 12 (Outsourcing Oil Logistics) shows its maturity
(the option matures in 10 years); the lattice steps (because DM can
evaluate the decision at the end of each decision period, the lattice
steps is set to 20); and blackout steps being 0 because for this pro-
ject, there is not a vesting or blackout period where the decision
cannot be exercised. Finally, regarding the vesting period, in the
case of Project 3 (Pro3) that considers the installation of solar
energy panels in a rural area, the abandonment option can be eval-
uated only after the first three years due to development or con-
tractual reasons.
5.2. Real options valuation and analysis
Tables 2 and 3 provide the basic information about the portfolio
of projects. However, to implement the RO analysis, each project
should be analyzed independently in order to gather and introduce
the main variables and assumptions. Table 4 presents that infor-
mation to determine the RO associated. For example:
 Project 18 (Pro18 in Table 2) has an Investment Option in a
refinery that looks for the production of light products (gasoline
and diesel). From Table 4, it has a present value of $1230 million
and an implementation cost of $798 million. Therefore, since
Table 2
Oil and gas engineering projects.
Project
ID
Name Description Options analyzed
Pro1 Technology Implementation ERP implementation for oil and gas distribution and selling
processes
Deferred Option—evaluated at the end of each year
Pro2 Solar Energy Urban Solar energy panels installation near the main urban area Abandonment Option—evaluated at the end of
each year
Pro3 Solar Energy Rural Solar energy panels installation near the largest rural
community
Abandonment Option—evaluated from the end of
the third year
Pro4 Oil Company Expansion Acquisition of a transportation company with new vehicles Expansion Option—evaluated semiannually
Pro5 LGN Company Contraction Unprofitable business sale (Asset Divestitures) Contraction Option—evaluated semiannually
Pro6 Petrochemical Company A Business sale, acquisition of a distribution line, or abandonment
of the previous strategies
Chooser Option (expansion, contraction, or
abandonment)—evaluated semiannually
Pro7 Petrochemical Company B Business sale, acquisition of a distribution line, or abandonment
of the previous strategies
Chooser Option (expansion, contraction, or
abandonment)—evaluated semiannually
Pro8 Hydroelectric Energy Plant Build and develop a new hydroelectric plant in cooperation with
private sector
Investment Option—evaluated at the end of each
year
Pro9 Intercity Road Promotion that facilitates downstream projects Investment Option—evaluated at the end of each
year
Pro10 Drilling Platform Asset divestiture because of obsolescence and lack of new
projects
Contraction Option—evaluated quarterly
Pro11 Wind Power Investment in a wind energy transmission plant (renewable
project)
Investment Option—evaluated at the end of each
year
Pro12 Outsourcing Oil Logistics Transportation of oil products Contraction Option—evaluated semiannually
Pro13 Oil and Gas—Deep Sea Exploration
& Drilling
New investments in deep-sea exploration and drilling Expansion Option—evaluated semiannually
Pro14 Oil and Gas—Deep Sea Exploration
& Drilling Joint Venture
New investments in deep-sea exploration and drilling (Joint
Venture with an international oil company)
Expansion Option—evaluated semiannually
Pro15 R&D Ecofriendly Oil Product Introduction of a new combustible for vehicles (lower CO2
emissions)
Growth Option—evaluated at the end of each year
Pro16 Transportation Infrastructure for
LNG
Includes liquefaction terminals, vessels, and regasification
facilities
Expansion Option—evaluated quarterly
Pro17 Treatment System (oil production
wastewater)
Injection of different treated waters for secondary oil recovery Chooser Option (expansion, contraction, or
abandonment)—evaluated quarterly
Pro18 Refinery Production of light products (gasoline and diesel) from crude Investment Option—evaluated semiannually
Pro19 Bridge 12 km bridge that facilitates the oil transportation Abandonment Option—evaluated semiannually
Pro20 Diesel Storage Facilities Strategy to optimize operating and leasing costs Expansion Option—evaluated semiannually
Table 3
Time horizon and time constraints.
Project ID Maturity (years) Lattice steps Blackout steps
Pro1 5 5 0
Pro2 5 5 0
Pro3 5 5 0–3
Pro4 7 14 0
Pro5 4 8 0
Pro6 6 12 0
Pro7 10 20 0
Pro8 8 8 0
Pro9 4 8 0
Pro10 3 12 0
Pro11 6 6 0
Pro12 10 20 0
Pro13 8 16 0
Pro14 8 16 0
Pro15 3 3 0
Pro16 5 20 0
Pro17 4 16 0
Pro18 5 10 0
Pro19 6 12 0–4
Pro20 3 6 0
E.A. Hernandez-Perdomo et al. / Applied Energy 195 (2017) 487–502 495this project involves partnerships with other companies, it has
to pay a dividend of 3%. The volatility for the underlying asset
is 30% using the volatility of oil prices as a proxy.
 Project 7 (Pro7 in Table 2) is for a petrochemical company and it
analyzes three possible mutually exclusive options: partial sale
of an existing business line or reduction in operations, an acqui-
sition of a distribution line, or simply the abandonment of the
previous strategies, in other words, a Chooser Option (expan-
sion, contraction, or abandonment). Therefore, for RO valuationsand because the company is in business, the PV is the dis-
counted cash flows of the company ($300 million), and the
implementation cost depends on the expansion costs, contrac-
tion savings, and salvage values (Table 4). To value this project,
the DM regard the following: (1) if there is a partial business
line sale, the contraction in cash flows will be 10%, but it pro-
duces savings of $25 million and (2) if there is a business expan-
sion through an acquisition, the percentage of expansion would
be 30% with a production cost of $20 million. If these strategies
were abandoned, the salvage value would be $100 million. In
addition, there are no dividend payments, and the underlying
asset has a volatility of 30% that is supported by the company’s
cash flows.
Based on the information illustrated in the previous tables and
the guidelines presented in Section 2, the RO analysis can be for-
mulated according to Table 5. This table lists the following infor-
mation: the type of option associated with each project such as
American, Bermudan, European, or Custom option (European
options are not considered mainly because of the DM’s right to take
action over the course of the projects, whereas American/Custom
options can be exercised any time before maturity for all projects);
and the outcomes (NPV, Option Value, ENPV) noted in Eq. (2) and
the Return-to-Risk ratio highlighted in Eq. (6). Most of the RO com-
putations were run using Real Options SLS (Super Lattice Software;
see www.realoptionsvaluation.com for details).
In Table 5, it is also important to note the following:
 Project 2 and Project 3 are solar energy panels installation pro-
jects near the main urban area and the largest rural community,
respectively, have similar variables and assumptions (Table 4);
Table 5
Real options valuations. In millions of U.S. dollars ($).
Project ID Option type NPV ($) Option Value ($) ENPV ($) Return-to-Risk
Pro1 American 15.00 17.72 32.72 4.73
Pro2 American 150.00 6.64 156.64 0.15
Pro3 Bermudan 150.00 6.17 156.17 0.14
Pro4 Custom 400.00 246.81 646.81 1.76
Pro5 Custom 600.00 154.98 754.98 0.52
Pro6 Custom 300.00 76.36 376.36 0.85
Pro7 Custom 300.00 80.53 380.53 0.89
Pro8 American 110.00 17.72 127.72 0.54
Pro9 Custom 120.00 4.77 124.77 0.16
Pro10 Custom 125.00 37.76 162.76 0.67
Pro11 Custom 435.00 43.00 478.00 0.22
Pro12 Custom 100.00 3.06 103.06 0.12
Pro13 Custom 500.00 50.74 550.74 0.29
Pro14 Custom 500.00 86.21 586.21 0.49
Pro15 American 20.00 26.69 46.69 2.97
Pro16 Custom 750.00 324.67 1074.67 1.24
Pro17 Custom 85.00 16.19 101.19 0.63
Pro18 American 432.00 17.72 449.72 0.14
Pro19 American 78.00 5.30 83.30 0.23
Pro20 Custom 150.00 7.42 157.42 0.14
Total 5320.00 1230.46 6550.46 –
Table 4





















Pro1 27.00 12.00 0.00 25.00
Pro2 150.00 100.00 0.00 30.00
Pro3 150.00 100.00 0.00 30.00
Pro4 400.00 n/a 0.00 35.00 100.00 250.00
Pro5 600.00 n/a 0.00 50.00 50.00 400.00
Pro6 300.00 n/a 0.00 30.00 10.00 25.00 30.00 20.00 100.00
Pro7 300.00 n/a 0.00 30.00 10.00 25.00 30.00 20.00 100.00
Pro8 650.00 540.00 3.00 30.00
Pro9 120.00 n/a 0.00 25.00 90.00
Pro10 125.00 n/a 0.00 45.00 30.00 75.00
Pro11 435.00 n/a 0.00 45.00 250.00
Pro12 100.00 n/a 0.00 25.00 20.00 20.00
Pro13 500.00 n/a 0.00 35.00 30.00 250.00
Pro14 500.00 n/a 2.00 35.00 10.00 250.00
Pro15 50.00 30.00 0.00 45.00
Pro16 750.00 n/a 0.00 35.00 80.00 400.00
Pro17 85.00 n/a 0.00 30.00 10.00 25.00 10.00 20.00 45.00
Pro18 1230.00 798.00 3.00 30.00
Pro19 78.00 56.00 0.00 30.00
Pro20 150.00 n/a 0.00 35.00 30.00 65.00
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(Table 2), in contrast to Project 2, it shows less flexibility for
DM, a lower ENPV, and a lower Return-to-Risk ratio.
 Project 6 and Project 7 represent the same group of strategies
related to a petrochemical company, but the maturity for Pro-
ject 7 is longer than for Project 6 (Table 3). Consequently,
because DM have more time to exercise their mutually exclu-
sive strategies (more uncertainty), Project 7 has a higher ENVP
and Return-to-Risk ratio.
 Project 13 and Project 14 are similar projects involving oil and
gas deep-sea exploration and drilling. In a simple RO approach
and without further information, note that Project 14 involves
a joint venture with an international oil company requiring div-
idend payments (cash outflows); so, its option value and ENPV
can be smaller than for Project 13. Nevertheless, because of the
joint venture, Project 14 can experience different expansion
rates (i.e., an increase of 10% every two years). As a result, this
flexibility adds more value to the project because DM canmanage an expansion compounded rate for the cash flows of
46% (larger than 30% on Project 13), which justifies a higher val-
uation of Project 14 in relation to Project 13.
RO valuations help DM to analyze and value the impact of
uncertainty and flexibility on PM. Therefore, DM can monitor the
variables and assumptions associated with, and their effects on,
RO valuations and decision making. Consequently, they can
identify sources of risk (external and internal) critical for project
management and business.
According to Table 5, the total value of the portfolio (the sum of
all projects) in terms of NPV is $5320 million (passive manage-
ment) plus $1230.46 million for active management hedging only
uncertainty and flexibility supported by RO analysis. This total
Option Value represents 19% of the total expanded NPV (ENPV =
$6550.46 million).
Therefore, the project with the highest ENPV is Pro16, a trans-
portation infrastructure for LNG project that includes liquefaction
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The project with the highest Return-to-Risk ratio is Project 1, an
ERP technology for oil and gas distribution and the sales processes,
with a value of 4.73.
It is important to emphasize that, generally, in state-owned
energy companies, there are analysts, company divisions, and
departments behind the formulation and evaluation of each pro-
ject, even for RO valuations. However, when those projects are set
up, they arrive as a portfolio of projects, typically at a strategic
level, for assessment, prioritization, and resources allocation.
According to Table 5, two management perspectives are observed,
one passive and other partially active. It is partially active
because in reality DM do not deal only with flexibility and uncer-
tainty; they deal with other elements, such as economics and
social factors, to name two. In other words, when DM are able
to manage multiple elements, the management perspective can
be called fully active.5.3. Multicriteria impacts analysis
Obviously, multidimensional problems are the reality of PM in
state-owned energy companies. Table 6 illustrates a case study in
this multicriteria environment wherein a portfolio of projects
(m = 20) is evaluated according to the projects’ performance on
four criteria (n = 4). DM and their representatives collected the
data and calculated the estimated impacts by using RO valuations
to measure the management perspective (NPV in millions of dollars
and Return-to-Risk ratio) and by other prospective models to mea-
sure economic indicators (GDP, benefit for an economy in millions
of dollars) and social indicators (Employment, the capability of hir-
ing or firing people in number of employees).
For each criterion, a higher value is, of course, better. For exam-
ple, Project 16 is the best and ranked first in NPV at $750 million,
and Project 1 is the best and ranked first in Risk-to-Return (4.73),
so there is no clear project dominance from a strategic RO perspec-
tive. Project 8 represents the highest impact on GDP ($1495.81 mil-
lion and is first in this ranking) and Project 18, the highest in
Employment (hiring 276 employees is first in this category). Thus,
these types of analyses reveal a multicriteria problem because
there is no single project with the best values for all of the criteria,
that is, there is not a global dominant project (if it exists, that project
is clearly the best under all criteria evaluated).Table 6
Performance of the project per the selected criteria. Monetary values in millions of U.S. do
Project ID NPV ($) ‘‘Max” Ranking Return-to-risk ‘‘Max” Rank
Pro1 15.00 20 4.73 1
Pro2 150.00 10 0.15 16
Pro3 150.00 10 0.14 18
Pro4 400.00 7 1.76 3
Pro5 600.00 2 0.52 10
Pro6 300.00 8 0.85 6
Pro7 300.00 8 0.89 5
Pro8 110.00 15 0.54 9
Pro9 120.00 14 0.16 15
Pro10 125.00 13 0.67 7
Pro11 435.00 5 0.22 14
Pro12 100.00 16 0.12 20
Pro13 500.00 3 0.29 12
Pro14 500.00 3 0.44 11
Pro15 20.00 19 2.97 2
Pro16 750.00 1 1.24 4
Pro17 85.00 17 0.63 8
Pro18 432.00 6 0.14 19
Pro19 78.00 18 0.23 13
Pro20 150.00 10 0.14 176. Results and discussion
The data presented in Table 6 are used to obtain the final AQ
and global hierarchy for each project in the portfolio analyzed.
These results rely on the methodology covered in Section 4 and
are presented in Table 7. While the analytical area of this method-
ology (Section 4.2) was put into practice in Section 5, this current
section begins by discussing the behavioral approach (Section 6.1)
and the results of introducing RO into MCA using PROMETHEE
methods (Section 6.2), and it concludes with a discussion of sensi-
tivity and uncertainty analysis (Section 6.3).
6.1. Behavioral area
As previously mentioned, the working group panel is mainly
composed of the authors of this research. Based on Fig. 3, which
provides the hierarchical structure for working with different crite-
ria—mainly to integrate RO into MCA—Fig. 4 shows the criteria
selected and the relative importance of each criterion.
For instance, NPV and Return-to-Risk are part of Strategic RO,
which is located at the same level as GDP and Employment (first
level). Because this study judges managing flexibility and uncer-
tainty as more important, using RO, Return-to-Risk ratio weighs
in at 80%, which is higher than the NPV weighting of 20%. There-
fore, to put NPV and Return-to-Risk at the same level as GDP and
Employment, they are adjusted by the Strategic RO weight of
60%. Finally, in the strategic level NPV has a 12% weighting
(60%  20%); Return-to-Risk, 48% (80%  60%); GDP, 20%; and
Employment, 20%.
6.2. MCA methods area
According to Section 4.3, once we have the relative importance
among criteria (the top portion in Fig. 4) and the multicriteria pro-
jects’ impacts on the selected criteria (Table 5), the PROMETHEE
models can be implemented. Initially, multicriteria impacts need
to be standardized according to Eq. (6), and, therefore, the general-
ized criterion Type I (strict criterion) was introduced for the dis-
tance computations, mainly because any difference between
projects, no matter how small it is, must be considered.
Table 7 shows the positive outranking flows (column 2) derived
from Eq. (14) and the negative outranking flows (column 4) fromllars ($).
ing GDP ($) ‘‘Max” Ranking Employment ‘‘Max” Ranking
68.00 17 25 17
474.96 9 118 10
460.00 10 118 11
799.80 5 112 12
140.00 19 70 20
581.04 7 119 8
581.04 7 119 9
1495.81 1 169 4
862.67 4 107 14
123.00 18 45 18
322.00 13 85 15
185.00 20 54 19
947.38 3 235 2
757.90 6 188 3
456.00 11 109 13
350.00 12 145 5
123.00 16 45 16
1088.68 2 276 1
234.00 15 134 6
321.00 14 132 7
Table 7
Positive and negative flows, aggregate quality, and hierarchy by project.
Project ID Positive flows (2) Hierarchy positive flows (3) Negative flows (4) Hierarchy negative flows (5) Aggregate quality (6) Global hierarchy (7)
Pro1 0.5432 9 0.4568 9 0.0863 9
Pro2 0.3726 17 0.6147 15 0.2421 15
Pro3 0.3011 19 0.6863 19 0.3853 19
Pro4 0.7537 2 0.2463 2 0.5074 2
Pro5 0.3768 15 0.6232 16 0.2463 16
Pro6 0.6758 5 0.3074 4 0.3684 4
Pro7 0.6905 3 0.2926 3 0.3979 3
Pro8 0.6779 4 0.3221 5 0.3558 5
Pro9 0.3958 13 0.6042 13 0.2084 13
Pro10 0.4147 11 0.5853 11 0.1705 11
Pro11 0.3726 16 0.6274 17 0.2547 17
Pro12 0.0358 20 0.9642 20 0.9284 20
Pro13 0.6716 6 0.3221 6 0.3495 6
Pro14 0.6547 7 0.3389 7 0.3158 7
Pro15 0.6295 8 0.3705 8 0.2589 8
Pro16 0.7663 1 0.2337 1 0.5326 1
Pro17 0.4063 12 0.5937 12 0.1874 12
Pro18 0.5032 10 0.4968 10 0.0063 10
Pro19 0.3895 14 0.6105 14 0.2211 14
Pro20 0.3263 18 0.6611 18 0.3347 18
Fig. 4. Hierarchical structure obtained for RO and MCA integrations.
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tive of a project’s quality compared to others (superiority). The
higher the net positive flow, the better positioned the project will
be. The negative flow indicates the other projects’ quality in con-
trast to a particular project (non-inferiority). In this case, a smaller
value indicates a better project position. Note that if, for a particu-
lar project, the hierarchies produced by positive and negative flows
are not equal (columns 3 and 5), then some situations of incompa-
rability are implied.
Finally, Table 7 also shows the AQ (column 6) from Eq. (16)
associated with PROMETHEE II and the corresponding global hier-
archy (column 7) of each project. As mentioned, the PROMETHEE
methods determine an aggregate project quality using the domi-
nance relationship d, and eliminate the incomparability in those
cases where it is impossible to decide which project is better in
the global hierarchy. For example, Projects 1, 2, and 3 do not have
any incomparability, but Projects 4 and 5 have one incomparability
(negative and positive rankings are different), which is solved by
PROMETHEE II by netting the two flows.
In terms of the results, Table 7 also indicates that Project 16 has
the highest AQ, and, therefore, it is ranked number ‘‘1” in the hier-
archy (column 7). This indicates that Project 16 is the best in terms
of passive management (NPV) and fully representative of active
management because it takes into consideration not onlyflexibility and uncertainty through RO valuations (Return-to-Risk
ratio), but also economic (GDP) and social (Employment) aspects,
simultaneously. Moreover, this is the project that is most aligned
with DM preferences.
Similarly, Fig. 5 shows the ranking distribution by the projects’
AQ, where Project 16 and Project 4 (1st and 2nd, respectively) have
higher positive AQs, and Project 12 (20th) has the largest negative
AQ. Thus, based on the global hierarchy as shown in Table 7 (col-
umn 7), DM have justification for selecting the number ‘‘1” ranked
project and so on.
Finally, it is important to emphasize that if the state-owned
energy companies do not have resource restrictions (financial,
technological, employees, etc.), then DM can simply select the best
projects based on the global rankings one at a time in order of pri-
ority. Nevertheless, if the companies have budgetary, time, and
other resource constraints, the AQ works as a cost/benefit function
to be optimized, and the projects selected would be those that sat-
isfy the companies’ restrictions. As a result, DM should rely also on
portfolio optimizations [16,17,9] to fully justify their decisions.
6.3. Sensitivity and uncertainty analysis
The outcome of the methodology is an AQ and a global hierar-
chy. However, the decision-making process is not complete until
Fig. 5. Project ranking by AQ.
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explored, either to satisfy DM what-if concerns about PM or to
develop general robustness analysis over the global hierarchy.
Firstly, in terms of scenarios analysis, for example, DM may
want to think about how the new refinery development (Project
18) is crucial for both shareholders and stakeholders. They can
select two important drivers in RO in order to run a classical sen-
sitivity analysis, which changes two variables at time and leaves
the other variables and projects constant. For this example, Table 8
shows one variable, the implementation cost that changes (1%) in
relation to the base case (gray column), and the other variable cho-
sen, say, volatility, with changes of ±5% (gray row locates the base
case). This project falls into the 10th position in the global ranking;
however, if volatility (using oil prices as the proxy for underlying
asset risk) and implementation costs decrease, this project
increases its option value and Risk-to-Return ratio, and increases
its AQ and possibility of achieving a higher position, as observed
in Table 8.
Note that this type of classical sensitivity analysis is highly
associated with RO formulations. Hence, by understanding how
the main variables and assumptions (i.e., underlying price, imple-
mentation cost, time to expiration, volatility, risk-free interest rate,
and dividends) impact the type of RO (American, European, Bermu-
dan, etc.) [57,17], DM can determine whether a project increases
its AQ and global ranking.
Secondly, as observed during this research, DM are analyzing
projects not only from a financial perspective, but they are alsoTable 8
Scenario analyses to evaluate global ranking for project 18 (refinery).
Rankings Implementation cost ($) with changes of 1%
Monetary values in millions of U.S. dollars ($)
766.08 774.06 782.04 79
Volatility (%) 10.00 4 4 4 4
15.00 7 7 6 6
20.00 9 9 9 9
25.00 9 9 9 9
30.00 10 10 10 10
35.00 10 10 10 10
40.00 10 10 10 10
45.00 10 10 10 10
50.00 10 10 10 10taking into account economic and social aspects. Hence, DM pref-
erences in terms of relative importance also play a relevant role
in the decision-making process. For this reason, traditional sce-
nario or sensitivity analyses are not sufficient for evaluating the
decision robustness in terms of the rankings provided. DM should
complement this multicriteria project management with other
techniques. For example, Monte Carlo risk simulations, extreme
cases of DM preferences, among other approaches, must be used
to evaluate the stability of these results and rankings [85,16].
Finally, the authors of this research want to emphasize that
uncertainty affects the entire decision-making process (i.e., RO val-
uations because of changes in the input assumptions, economic
performance and employment because of changes in the economic
activities and public policies, and DM preferences because of the
influence of large shareholders or stakeholders, among other
aspects). Consequently, uncertainty needs to be fully assessed
(changing all the variables or MCA inputs at the same time) in
order to evaluate how the final decision is affected (robustness
analysis). On this matter, advanced sensitivity and uncertainty
analysis are required as well [85,85,87,88].
To illustrate this approach for robustness analysis, it is assumed
that each input of the MCA matrix (Table 6)—NPV, Return-to-Risk,
GDP, and Employment—and their relative RIs are modeled by uni-
form distributions with bounds at ±10% of the base-case values. Of
course, any other probability distribution could be selected. RI val-
ues were randomly generated using the procedure described in
Tervonen and Lahdelma [89].0.02 798.00 805.98 813.96 821.94 829.92
4 4 4 4 5
6 6 7 7 7
9 9 9 9 9
9 9 9 9 9
10 10 10 10 10
10 10 10 10 10
10 10 10 10 10
10 10 10 10 10
10 10 10 10 10
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Step 1: Random deviates are generated for each input variable
of the MCA matrix as well as for the importance values.
Step 2: The PROMETHEEmethods are used to derive the ranking
of each project.
Steps 1 and 2 are repeated Nsample times.
This results in the calculation of the probability of the occur-
rence of each strategy in each ranking position. This uncertainty
propagation analysis is similar to the Stochastic Multiobjective
Acceptability Analysis approach (SMAA) (i.e., methods developed
for situations where criteria values and/or weights are not known
[90,91].
The results are then presented using a probability heat map
allowing DM to easily visualize the alternatives that are more or
less affected. For example, Fig. 6 shows the resulting heat map
(Nsample = 10,000). The x-axis shows projects, and the y-axis
shows the possible ranks. The more highly probable ranked pro-
jects in the base case appear in the darker intersections (main diag-
onal). It can be seen that Projects 16 and 4 have the highest odds of
remaining in the best ranking positions, and the rest of the project
are highly affected by uncertainty.
Hence, a broader view of sensitivity and uncertainty analysis
and a clear outlook on decision-making flexibility and multicriteria
perspectives allow combining RO valuations and MCA, and fully
comply with a widespread perspective of active project manage-
ment in state-owned energy companies.
7. Conclusions and recommendations
This study investigates, as a methodological approach, the merit
of integrating RO into MCA in order to have a full perspective ofFig. 6. Probability heat map of the unceractive project management and the decision-making process.
Utilizing an integrated approach, DM, among other participants
in state-owned energy companies, can deal with uncertainty and
flexibility in project valuation and with other criteria they judge
relevant, all at the same time.
The methodology presented in this research, which is based on
outranking relationships, contributes to DM’s ability to determine
a project’s AQ and provides a global ranking using NPV (a passive
management approach) and Return-to-Risk ratio, GDP, and
Employment (a fully active management perspective). Conse-
quently, it can been seen that integrating RO into MCA constitutes
a relevant value add to help DM in allocating their resources, holis-
tically manage a portfolio of projects, and assist in selecting the
most qualified projects, with the added advantage of speed and
analytical robustness in terms of a company’s strategic planning
process.
Similarly, utilizing combined RO and MCA in the same decision-
making model is shown to be an important tool for other DM (pol-
icy makers, investors, banks, and multilateral aid funds, among
others) interested in evaluating a set of projects and comparing
them, making recommendations for improvements, redirecting
economic and financial resources, or simply evaluating their global
performance. Furthermore, this methodology is sufficiently flexible
to allow the introduction of new criteria and other advanced RO
types and MCA methods.
In terms of recommendations, other generalized criteria
required by PROMETHEE methods deserve particular attention,
which could vary depending on the data accuracy and on the nat-
ure of the criteria (quantitative or qualitative). Therefore, some
advance sensitivity and uncertainty analysis should complement
the resulting AQ and rankings evaluation in order to quantify the
robustness of the decision due to changes in the assumptions
considered.tainties’ impact on projects’ ranking.
E.A. Hernandez-Perdomo et al. / Applied Energy 195 (2017) 487–502 501References
[1] Cragg W. Business ethics and stakeholder theory. Bus Ethics Q 2002;12
(02):113–42.
[2] Jensen MC. Value maximization, stakeholder theory, and the corporate
objective function. J Appl Corporate Finan 2001;14(3):8–21.
[3] SaudiAramco. Annual Review 2014 Available online: <http://www.
saudiaramco.com/content/dam/Publications/annual-review/2014/AR-2014-
SaudiAramco-English-full.pdf>; 2014 [accessed 17/02/2017].
[4] Rosneft. Sustainability Report 2015 Available online: <https://www.
rosneft.com/upload/site2/document_file/a_report_2015_eng1.pdf>; 2015
[accessed 16/02/2017].
[5] CNPC. Corporate Social Responsibility Report 2015 Available online: <http://
csr.cnpc.com.cn/csr/xhtml/PageAssets/2015_CSR_Report.pdf>; 2015 [accessed
14/02/2017].
[6] BP. Sustainability Report 2015 Available online: <https://www.
bp.com/content/dam/bp/pdf/sustainability/group-reports/bp-sustainability-
report-2015.pdf>; 2015 [accessed 15/02/2017].
[7] Verzuh E. The portable MBA in project management. New Jersey, USA: John
Wiley & Sons; 2003.
[8] Lecoeuvre L. The performance of projects and project management:
sustainable delivery in project intensive companies. United
Kingdom: Routledge; 2016.
[9] Ross SA, Westerfield RW, Jaffe JF. Corporate finance. 11th ed. New York,
USA: McGraw-Hill; 2015.
[10] Diakoulaki D, Karangelis F. Multi-criteria decision analysis and cost–benefit
analysis of alternative scenarios for the power generation sector in Greece.
Renew Sustain Energy Rev 2007;11(4):716–27.
[11] Kurowski L, Sussman D. Investment project design: a guide to financial and
economic analysis with constraints. New Jersey, USA: John Wiley & Sons;
2011. p. 632.
[12] Ocneanu L, Bucsa RC. The role of financial analysis in cost benefit analysis.
Economy Transdisciplinarity Cognit 2013;16(2):114.
[13] Li S-X, Knights P. Integration of real options into short-termmine planning and
production scheduling. Min Sci Technol (China) 2009;19(5):674–8.
[14] Nembhard HB, Aktan M. Real options in engineering design, operations and
management. Fla., USA: CRC Press; 2009.
[15] Schmit TM, Luo J, Tauer LW. Ethanol plant investment using net present value
and real options analyses. Biomass Bioenergy 2009;33(10):1442–51.
[16] Mun J. Modeling risk: applying Monte Carlo risk simulation, strategic real
options, stochastic forecasting, portfolio optimization, data analytics, business
intelligence, and decision modeling. 3rd ed. California, USA: Thomson-Shore
and ROV Press; 2015.
[17] Mun J. Real options analysis: tools and techniques for valuing strategic
investments and decisions with integrated risk management and advanced
quantitative decision analytics. 3rd ed. California, USA: Thomson-Shore and
ROV Press; 2016.
[18] Guimarães Dias MA. Valuation of exploration and production assets: an
overview of real options models. J Petrol Sci Eng 2004;44(1):93–114.
[19] Guedes J, Santos P. Valuing an offshore oil exploration and production project
through real options analysis. Energy Econ 2016;60:377–86.
[20] Liu K, Hou Y, Wu FF, Ni Y. Application of exotic real option for electricity
market: trial for supply function bids case. In: Power engineering society
general meeting. IEEE; 2007.
[21] Martínez Ceseña E, Mutale J, Rivas-Dávalos F. Real options theory applied to
electricity generation projects: a review. Renew Sustain Energy Rev
2013;19:573–81.
[22] Van Bekkum S, Pennings E, Smit H. A real options perspective on R&D portfolio
diversification. Res Policy 2009;38(7):1150–8.
[23] Cassimon D, De Backer M, Engelen PJ, Van Wouwe M, Yordanov V.
Incorporating technical risk in compound real option models to value a
pharmaceutical R&D licensing opportunity. Res Policy 2011;40(9):1200–16.
[24] Fujiwara T. Real options analysis on strategic partnerships of biotechnological
start-ups. Technol Anal Strategic Manage 2014;26(6):617–38.
[25] Wu L-C, Ong C-S. Management of information technology investment: a
framework based on a real options and mean–variance theory perspective.
Technovation 2008;28(3):122–34.
[26] Chen T, Zhang J, Lai K-K. An integrated real options evaluating model for
information technology projects under multiple risks. Int J Project Manage
2009;27(8):776–86.
[27] Ghapanchi AH, Tavana M, Khakbaz MH, Low G. A methodology for selecting
portfolios of projects with interactions and under uncertainty. Int J Project
Manage 2012;30(7):791–803.
[28] Kitapbayev Y, Moriarty J, Mancarella P. Stochastic control and real options
valuation of thermal storage-enabled demand response from flexible district
energy systems. Appl Energy 2015;137:823–31.
[29] Fuss S, Szolgayová J. Fuel price and technological uncertainty in a real options
model for electricity planning. Appl Energy 2010;87(9):2938–44.
[30] Jeong J, Hong T, Ji C, Kim J, Lee M, Jeong K, et al. Development of a prediction
model for the cost saving potentials in implementing the building energy
efficiency rating certification. Appl Energy 2017;189:257–70.
[31] Kitzing L, Juul N, Drud M, Boomsma TK. A real options approach to analyse
wind energy investments under different support schemes. Appl Energy
2017;188:83–96.[32] Bouyssou D, Marchant T, Pirlot M, Tsoukias A, Vincke P. Evaluation and
decision models with multiple criteria (operational research and management
sciences). New York, USA: Springer’s International Series; 2006.
[33] Brito AJ, de Almeida AT, Mota CMM. A multicriteria model for risk sorting of
natural gas pipelines based on ELECTRE TRI integrating utility theory. Eur J
Oper Res 2010;200(3):812–21.
[34] Roy B. Multicriteria methodology for decision aiding. B.V.: Springer-Science
+Business Media; 1996.
[35] Ghafghazi S, Sowlati T, Sokhansanj S, Melin S. A multicriteria approach to
evaluate district heating system options. Appl Energy 2010;87(4):1134–40.
[36] Kaya T, Kahraman C. Multicriteria decision making in energy planning using a
modified fuzzy TOPSIS methodology. Expert Syst Appl 2011;38(6):6577–85.
[37] Afsordegan A, Sánchez M, Agell N, Zahedi S, Cremades L. Decision
making under uncertainty using a qualitative TOPSIS method for selecting
sustainable energy alternatives. Int J Environ Sci Technol 2016;13(6):
1419–32.
[38] Goumas M, Lygerou V. An extension of the PROMETHEE method for decision
making in fuzzy environment: ranking of alternative energy exploitation
projects. Eur J Oper Res 2000;123(3):606–13.
[39] Brans J-P, Mareschal B. Multicriteria decision aid. The PROMETHEE-GAIA
solution in multiple criteria decision analysis: state of the art surveys. Int Ser
Oper Res Manage Sci 2005;78:163–86.
[40] Behzadian M, Kazemzadeh RB, Albadvi A, Aghdasi M. PROMETHEE: a
comprehensive literature review on methodologies and applications. Eur J
Oper Res 2010;200(1):198–215.
[41] Tavana M, Behzadian M, Pirdashti M, Pirdashti H. A PROMETHEE-GDSS for oil
and gas pipeline planning in the Caspian Sea basin. Energy Econ
2013;36:716–28.
[42] Pohekar S, Ramachandran M. Application of multi-criteria decision making to
sustainable energy planning—a review. Renew Sustain Energy Rev 2004;8
(4):365–81.
[43] Cavallaro F. An integrated multi-criteria system to assess sustainable energy
options: an application of the Promethee method. Eur J Oper Res 2005;182
(2):844–55.
[44] Georgopoulou E, Lalas D, Papagiannakis L. A multicriteria decision aid
approach for energy planning problems: the case of renewable energy
option. Eur J Oper Res 1997;103(1):38–54.
[45] Desai S, Bidanda B, Lovell MR. Material and process selection in product
design using decision-making technique (AHP). Eur J Ind Eng 2012;6(3):
322–46.
[46] Saaty T. The modern science of multicriteria decision making and its practical
applications: the AHP/ANP approach. Oper Res 2013;61(5):1101–18.
[47] Cliville V, Berrah L, Mauris G. Quantitative expression and aggregation of
performance measurements based on the MACBETH multi-criteria method. Int
J Prod Econ 2007;105(1):171–89.
[48] Costa C, De Corte JM, Vansnick JC. MACBETH. Int J Inf Technol Decis Making
2012;11(2):359–87.
[49] Sakthivel G, Ilangkumaran M, Nagarajan G, Shanmugam P. Selection of best
biodiesel blend for IC engines: an integrated approach with FAHP-TOPSIS and
FAHP-VIKOR. Int J Oil Gas Coal Technol 2013;6(5):581–612.
[50] Angelou G, Economides A. A real options approach for prioritizing ICT business
alternatives: a case study from broadband technology business field. J
Operational Res Soc 2008;59(10):1340–51.
[51] Tolga AC, Kahraman C. Fuzzy multiattribute evaluation of R&D projects using a
real options valuation model. Int J Intell Syst 2008;23(11):1153–76.
[52] Zandi F, Tavana M. A hybrid fuzzy real option analysis and group ordinal
approach for knowledge management strategy assessment. Knowledge
Manage Res Practice 2010;8(3):216–28.
[53] Tolga AC. Fuzzy multi-criteria method for revaluation of ERP system choices
using real options. London, UK: International Association of Engineers; 2011.
[54] Tolga AC. A real options approach for software development projects
using fuzzy Electre. J Multiple-Valued Logic Soft Comput 2012;18(5–6):
541–60.
[55] Lazo J, Pacheco M, Vellasco M. Real options theory. In: Pacheco Marco AC,
Vellasco Marley MBR, editors. Intelligent systems in oil field development
under uncertainty. Berlin/Heidelberg: Springer; 2009. p. 7–22.
[56] Azevedo A, Paxson D. Developing real option game models. Eur J Oper Res
2014;237(3):909–20.
[57] Hull JC. Options, futures, and other derivatives. 9th ed. New York, USA: Pearson
Education; 2014.
[58] Alleman JJ, Noam EM, editors. The new investment theory of real options and
its implication for telecommunications economics. Springer Science &
Business Media; 2007.
[59] Zeleny M. Multiple criteria decision making. Ohio, USA: Mc Graw Hill; 1982.
[60] Keeney RL, Raiffa H. Decisions with multiple objectives: preferences and value
trade-offs. New York, USA: Cambridge University Press; 1976 [reprinted 1993].
[61] Wang JG, Zionts S. Negotiating wisely: considerations based on MCDM/MAUT.
Eur J Oper Res 2008;188(1):191–205.
[62] Vetschera R, de Almeida AT. A PROMETHEE-based approach to portfolio
selection problems. Comput Oper Res 2012;39(5):1010–20.
[63] De Keyser W, Peeters P. A note on the use of PROMETHEE multicriteria
methods. Eur J Oper Res 1996;89(3):457–61.
[64] HBP. Making decisions: expert solution to everyday challenges. Boston,
USA: Harvard Business Press; 2008.
[65] Saaty T. The analytic hierarchy process. New York, USA: Mc Graw Hill; 1980.
502 E.A. Hernandez-Perdomo et al. / Applied Energy 195 (2017) 487–502[66] Mikhailov L, Tsvetinov P. Evaluation of services using a fuzzy analytic
hierarchy process. Appl Soft Comput 2004;5(1):23–33.
[67] Chatzimouratidis AI, Pilavachi PA. Technological, economic and sustainability
evaluation of power plants using the analytic hierarchy process. Energy Policy
2009;37(3):778–87.
[68] Miller RE, Blair PD. Input-output analysis: foundations and extensions. New
Yor, USA: Cambridge University Press; 2009.
[69] Allan G, Mcgregor P, Swales K. The importance of revenue sharing for the local
economic impacts of a renewable energy project: a social accounting matrix
approach. Reg Stud 2011;45(9):1171–86.
[70] Hernandez, E., 2005. An input-output model (IOM) as an instrument of
economic analysis (in Spanish). Banco Central de Venezuela, Working Paper
Series. p. 69.
[71] Hernandez E. Multi-criteria decision analysis methodology to outrank
engineering projects under risk and uncertainty using real options theory (in
Spanish) PhD. Thesis. Engineering School at the Central University of
Venezuela; 2015.
[72] Martínez SH, van Eijck J, da Cunha MP, Guilhoto JJ, Walter A, Faaij A. Analysis of
socio-economic impacts of sustainable sugarcane–ethanol production by
means of inter-regional input-output analysis: demonstrated for Northeast
Brazil. Renew Sustain Energy Rev 2013;28:290–316.
[73] Dietzenbacher E, Los B, Stehrer R, Timmer M, De Vries G. The construction of
world input–output tables in the WIOD project. Econ Syst Res 2013;25
(1):71–98.
[74] Kammen DM. Putting renewables to work: how many jobs can the clean
energy industry generate? Penna, USA: DIANE Publishing; 2008.
[75] Wei M, Patadia S, Kammen DM. Putting renewables and energy efficiency to
work: how many jobs can the clean energy industry generate in the US?
Energy Policy 2010;38(2):919–31.
[76] EWEA. Wind at work: wind energy and job creation in the EU by European
Wind Energy Association. Brussels: EWEA; 2009. Retrieved from <http://www.
ewea.org/fileadmin/ewea_documents/documents/publications/Wind_
at_work_FINAL.pdf>.
[77] Bana C, Vansnick J. 2003. MACBETH. Operational Research. London School of
Economics. School of Economics, LSE OR Working Paper 03.56, ISBN 0 7530
1520 X, available at: http://eprints.lse.ac.uk/22761/1/MACBETH_
LSE_working_paper_0356_30set.pdf[78] Mistree F, Hughes OF, Bras B. Compromise decision support problem and the
adaptive linear programming algorithm. Prog Astronaut Aeronaut
1993;150:251.
[79] Opricovic S, Tzeng GH. Compromise solution by MCDM methods: a
comparative analysis of VIKOR and TOPSIS. Eur J Oper Res 2004;156
(2):445–55.
[80] Martin JG. Venezuela as an opportunity for investment in the petroleum
industry. Energy Law J 1999;20:325.
[81] PDVSA-Intevep. Technological aspects ‘‘plan siembra petrolera”, refining 2006-
2012 (in Spanish) Available online: <http://www.slideshare.net/energia/plan-
siembra-petrolera-20062012-pdvsa>; 2006 [accessed].
[82] Monaldi FJ. The second best business in the world: the Venezuelan oil industry
(in Spanish). Debates IESA 2007;12(1).
[83] Núñez B, Pagliacci C. The design of oil policy in Venezuela: an approach to
political economy (in Spanish). Banco Central de Venezuela 2007;80:51.
[84] Campodónico H. Reforms and investment in the hydrocarbon industry in Latin
America (in Spanish). CEPAL 2004;78:1–121.
[85] Saltelli A, Ratto M, Andres T, Campolongo F, Cariboni J, Gatelli D, et al. Global
sensitivity analysis. The primer. West Sussex, England: John Wiley & Sons Ltd.;
2008.
[86] Saltelli A, Tarantola S, Campolongo F, Ratto M. Sensitivity analysis in practice:
a guide to assessing scientific models. West Sussex, England: John Wiley &
Sons; 2004.
[87] Rocco CM, Hernandez E. Robustness and sensitivity analysis in multiple
criteria decision problems using rule learner techniques. Reliability Eng Syst
Safety 2015;134:297–304.
[88] Rocco C, Hernández-Perdomo E, Barker K. Multicriteria decision analysis
approach for stochastic ranking with application to network resilience. ASCE-
ASME J Risk Uncertainty Eng Syst, Part A: Civ Eng 2016;2(1). 04015018 (1-11).
[89] Tervonen T, Lahdelma R. Implementing stochastic multicriteria acceptability
analysis. Eur J Oper Res 2007;178(2):500–13.
[90] Lahdelma R, Hokkanen J, Salminen P. SMAA – stochastic multiobjective
acceptability analysis. Eur J Oper Res 1998;106(1):137–43.
[91] Lahdelma R, Salminen P. Stochastic multicriteria acceptability analysis
(SMAA). In: Ehrgott Matthias, Figueira José Rui, Greco Salvatore, editors.
Trends in multiple criteria decision analysis. New York, USA: Springer; 2010. p.
285–315.
